Abstract. In this paper we present a theory which shows that the optical force on atoms due to spontaneous processes depends upon the quantum state of the atom at the time it begins interacting with the optical field. The momentum is treated as a classical variable and the theory used to model the interaction between the atom and radiation is based on a quantum electrodynamic technique. The formalism developed is quite general and, in principle, can be applied to the determination of initial atomic states prepared by a variety of mechanisms. An example of an application of the spontaneous force is presented which shows how it is possible to use the momentum absorbed by an atom from a coherent light field to determine the density matrix of the atomic state created by a collision process. For completeness, the derivation of a stimulated force model is included where it is shown that the resulting force on atoms also depends on their initial state.
Introduction
The study of the momentum transfer between matter and light has become an area of intense interest over the last few years. In this paper we examine the transfer of momentum from an optical electromagnetic field to an ensemble of atoms using a theory based on a QED description of the field-atom interaction (Farrell et al 1988) . This theory allows the extraction of new detail on the behaviour of complicated atomic systems such as the sodium D lines. In particular, we show that because the force that light can exert on an atom depends upon the initial atomic state, the deflection of an atomic beam after traversing a laser interaction region carries information on the density matrix of the atoms before entering the interaction region. Thus, by measuring the deflection, in principle, it is possible to determine the state of the atom entering the deflection region and so obtain detailed information about the preparation process. The formalism developed in this work is quite general and could be applied to a variety of atomic state preparation methods. For example, the state could be prepared in a controlled way by optical or magnetic pumping. We have performed experiments to confirm the theoretical model using optical pumping preparation (Summy 1994 ) the results of which will be presented in a forthcoming paper.
Another example is the initial-state preparation of the atom which results from a collision with a projectile such as an electron. In this case, deflection measurements can yield collision parameters. These parameters provide fundamental information on the physics of the scattering process itself. A brief account of the theory demonstrating the statedependent nature of the optical force, along with a proposal to apply photon deflection to the investigation of collision processes, has been given previously (Summy et al 1994) . In this paper, a more complete version of the application of the theoretical formalism to electron collisions with atoms is given to illustrate in some detail the potential of optical force measurements to this field of research. It should be noted that the experiments of Bederson and co-workers (Jaduszliwer et al 1985) , in which the momentum transfer from light was used to determine electron-atom collision cross sections in sodium, also used the photon momentum as a means of interrogating the collision processes. The fundamental difference between these experiments and the technique we propose is the ability of our method to measure not only cross-sectional information, but also the coherences which are formed between states during a collisional interaction.
In section 2, the formalism of the theory of the deflection of multistate atoms by radiation is presented. Both the spontaneous (radiation pressure) force and the stimulated (gradient) force are treated. Calculations of deflections by the spontaneous emission force are considered in section 3. Included in this section is the application of the formalism to the electron excitation of an atomic transition. A theoretical justification is provided for the use of a photon deflection technique to investigate such collisions. The momentum absorbed by atoms with a transition from a J = 1 lower state to a J = 2 upper state of a model atom is considered. Calculations with this system have been made as realistic as possible through the incorporation of effects such as the change in detuning due to the absorption of momentum, momentum diffusion, and non-uniform atom and laser beams.
Theory

The spontaneous emission force
In this section the QED theory needed for the numerical calculations of the momentum absorption which occurs due to spontaneous emission is presented. The expectation value of the optical force exerted on an atom by a light field is given by
whereρ is the density operator andĤ is the Hamiltonian of the system. The Hamiltonian is written as the sum of three terms:
whereĤ A ,Ĥ F ,Ĥ I represent the Hamiltonians of the atom, the field and the interaction between the atom and the field. Noting thatĤ A andĤ F have no spatial dependence, it follows that only ∇Ĥ I is non-zero. Using (1) it can be shown that the expectation value of the optical force for a single-mode plane wave can be written as (Ungar et al 1989) :
where k = 2π/λ, λ is the wavelength of the radiation and eg is the Rabi frequency between the states |e and |g which are connected by the optical excitation. Slowly varying atomic operators of the formχ eg = |e g| exp(−iωt) where ω is the optical angular frequency have also been used. Note that the expectation values of the slowly varying operators are equivalent to the complex conjugate of the corresponding slowly varying density matrix element, that is χ eg =ρ ge . The force in (3) is the sole result of the spontaneous emission process. Such forces are sometimes referred to as radiation pressure.
Experimentally, it is the deflection of the atomic beam that is the quantity of interest. This in turn is directly proportional to the amount of momentum imparted to the atomic beam in the direction of the laser. This momentum is given by
The coherence terms that appear in (3) are determined by solving the Heisenberg equation of motion for the operators. These equations are expressed as a set of coupled, first-order, linear homogeneous differential equations of the form (Farrell et al 1988) 
The above expression utilizes the Einstein summation convention and introduces the tensor A, which contains all of the physics of the interaction, including quantities such as Rabi frequencies, detunings and lifetimes. The simplest technique for determining the solution of (5) is via an analogy with a scalar differential equation of a similar form. Thus it can be shown that
where
The exponential term in this equation can be evaluated with the use of a Taylor expansion. Suppose that (3) is now integrated so that the amount of momentum transferred from the laser light is obtained. Then, from (6)
Incorporating the sum over e and g in a new variable, we obtain
Inspection of equation (9) shows that the momentum transferred to an ensemble of atoms by a near-resonant radiation field depends on the initial state of the atom, χ pq (0) . Thus, there is the possibility of determining the state of the atom which exists before it enters the deflecting radiation beam. This will be used later to show that information from a process which prepares an atom in a particular state, such as optical or magnetic pumping, or an electron-atom collision, can be determined with a photon momentum absorption technique.
Momentum absorption by a two-state atom
Although a two-state atomic system bears little resemblance to most atoms that are used experimentally, its introduction here is useful for the purpose of obtaining an understanding of the physical processes involved in the momentum interaction. A further simplification, valuable for the same reasons, is the assumption that the internal degrees of freedom of the atom reach a steady state in a time much shorter than the time of the whole interaction.
This permits a substitution from the optical Bloch equation model to be made (Allen and Eberly 1975) :
where is the Rabi frequency, is the decay rate and is the detuning of the light from the atomic transition. This equation can be substituted into (3) and easily integrated. Changing notation to the classical momentum variable, p, gives (Cook 1979) :
where s is the saturation parameter, defined via
Taking the 3 2 S 1/2 (F = 2, m F = 2) → 3 2 P 3/2 (F = 3, m F = 3) transition in sodium to be a quasi-two-state system with a decay rate of 6.25×10 7 s −1 , and a Rabi frequency of 27.9 MHz at an intensity of 1 mW mm −2 , gives a saturation intensity of I 0 = 0.068 mW mm −2 . With the simplified two-state model introduced above, it is possible to consider the detuning introduced by successive photon absorptions. If the atom has absorbed a momentum p from the field, its total detuning will be
where k is the wave number of the light, and m is the mass of the atom. Consider now the momentum δp, absorbed in a short time δτ . Using (12) and (14) we find:
By letting δτ → 0, a differential equation for p is obtained: dp dτ
Solving (16) we find
The constant C can be eliminated with the choice of an appropriate boundary condition. As the intensity becomes very large, the momentum in (18) must converge to the momentum in (12), that is
This condition occurs at high intensities because the power broadening of the transition becomes much larger than any changes in the detuning due to the atomic velocity. Equation (19) constrains C to zero. Of the three roots of (18), two give unphysical solutions and can be ignored. The remaining root is real and positive for all values of s greater than zero. For reasons of conciseness it is not written here and instead is represented graphically in figure 1 . The values for A, B and E are taken from the sodium atom and its
and B = 1.1 × 10 −25 . Figure 1 plots the momentum versus intensity including the effect of detuning due to photon absorption for three different values of the initial detuning of the light, in addition to a calculation performed with equation (12) for fixed zero detuning. The boundary condition forces all curves to converge at high intensities, a trend which can also be seen in figure 1. Significantly it is the low to intermediate intensities where the detuning change due to the velocity of the atom cannot be neglected. This suggests that in the construction of a realistic model it is essential to include this effect.
Forces from stimulated processes
In the previous section it was seen that the radiation pressure force is based upon spontaneous emission, a process which is strongest at zero detuning and tends to destroy the coherence and information in the initial atomic state. In contrast the gradient force examined in this section exhibits dispersive behaviour and is zero on resonance. Providing the spontaneous emission is negligible it is a completely coherent process. Thus if it can also be shown to depend upon the initial state of the atom, in principle, it would be a more sensitive way of measuring the initial atomic state.
The theory for the spontaneous emission force presented previously treated the momentum as a classical variable. The classical momentum is now replaced with a quantum description, similar to the one outlined by Cook and Bernhardt (1978) for a two-level atom. In this model the spontaneous emission is neglected and the laser field is taken as consisting of two counterpropagating modes. A model which includes all atomic energy levels is used throughout.
We first define a state which completely describes the configuration of the atom-field system:
It represents a situation in which the coherent field has modes λ 1 and λ 2 occupied, and the atom is in state |n , with centre-of-mass momentum of p. The usual orthogonality rules apply to the components of this ket vector:
where δ represents the Kronecker-delta symbol.
Using these states as a basis, the interaction Hamiltonian becomeŝ H I =h dp
is the annihilation (creation) operator for the field mode k ,σ eg is the |e g| element of the atomic operator and g k eg is the usual coupling constant (Farrell et al 1988) . The matrix elements of this operator evaluated using the definition of the states in (20) are
+h dp
Performing the summation over p and k and assuming the two field modes have wavevectors of equal magnitude k, with opposite directions along the y axis, allows each term of this equation to be simplified as follows:
Analysing the other components of the Hamiltonian with the states given by (20) we find
and hence,
An additional component of the Hamiltonian due to kinetic energy of the atom must also be considered:
where M is the mass of the atom andp is the momentum operator. Again the matrix elements of this Hamiltonian are found:
To see how the atomic state evolves with time, a general state |ψ(t) is constructed:
where the φ n (p , t) are the coefficients in the superposition of states |ψ n (p ) . By finding solutions for these coefficients, the evolution of the atomic momentum and the internal states of the atom are determined. The time-dependent Schrödinger equation provides the means for determining these solutions:
The sum in (32) is split onto separate sums over excited and ground states: ih ∂φ n (p, t) ∂t = e dp φ e (p , t) ψ n (p)|Ĥ |ψ e (p )
By applying equations (22) to (30), this equation is put in a form from which a solution may be found. Taking the case where n = e, gives ih ∂φ e (p, t) ∂t
A transformation to a set of slowly varying coefficients is made with the following substitution:
This reduces (34) to a simpler equation for C e (p):
The exponential terms in the above equation which involve momentum are neglected on the basis that they represent changes in the detuning due to motion of the atom which can be taken as small if the detuning of the field from resonance is large. With these assumptions and with the atoms at y = 0, the equations for C e (p) and C g (p) simplify to the following:
+i t e e g (C e (p −hk, t) + C e (p +hk, t)) .
Examination of these equations reveals that if the excited and ground states are single degenerate levels then each of the ground states is linked by the interaction to only a single excited state. This implies that if spontaneous emission is negligible, each groundexcited state pair can be considered as an isolated system coupled to no other states. These assumptions are put to use shortly. The primary goal in the following work is to show that the final momentum distribution of the atomic beam can be related to the condition of the density matrix before the optical interaction has commenced. One method of treating the C coefficients is to expand them using a Taylor series. That is
where i represents either e or g and the superscript on the C implies partial differentiation with respect to t. Equations (37) and (38) can be written in the general form
where M
(1) ij m (t) is an array of appropriately chosen coefficients. We now postulate a generalized form of the previous equation which would allow the nth derivative of the C coefficients to be calculated:
Proof of the above equation is obtained by using the inductive technique described in appendix A. Equation (41) can now be applied to (39) yielding
The above equation shows that the original problem of determining the momentum distribution of the atoms can be solved provided the initial conditions are known. In most situations the atoms start in the ground state and can be approximated as having a momentum of zero. This boundary condition is represented by
and
If the momentum probability distribution is denoted by W (p, t) then
With several substitutions this gives
or in a simpler form
The last equation shows that there is a momentum distribution, w g (p, t), associated with each ground-excited state pair. To obtain the overall momentum distribution, the w g (p, t) can be calculated separately and then summed with a weighting factor given by the initial population of each ground state.
As an example of how the last equation could be used, consider the problem of determining the mean value of the square of the momentum. This quantity can be calculated via
which reduces to
where D gg Q (t) = dp p 2 w g (p, t) .
A comparison of (50) with (9) shows that the same information about the initial atomic state, which can be obtained for the expectation value of the momentum transferred to an atom via spontaneous emission, can be obtained from measurements of the momentum transferred by a gradient force.
To evaluate the momentum transferred by the stimulated process requires the calculation of the momentum distribution terms w g (p, t) over a large momentum space which, in turn, requires the determination of the corresponding C coefficients. This calculation was not attempted here due partly to its complexity and partly to the fact that the experiments performed thus far have employed the spontaneous emission force. However, the above derivation has been included for completeness to show that an experiment based on the stimulated process could, in principle, yield information on the initial atomic state.
Rotations
Although the solution to the full set of equations represented by (5) can be extremely involved, in real problems it is usually only a few of the slowly varying operators or density matrix elements which are of interest. In particular, when the exciting radiation is single mode, the 'equation tensor' A is block diagonal and several subsets of equations can be solved independently. One particular subset contains only the populations, optical coherences and coherences between non-degenerate excited states, the so-called vertical state coherences. This simplification applies to situations where the polarization of the exciting radiation is in the direction of a quantization axis previously defined by, for example, an external magnetic field or the direction of a colliding projectile. If the polarization is not parallel to this quantization axis, then the usual transition rules (i.e. m F = +1, 0, −1) do not apply.
A straightforward approach to the latter situation is to solve the operator equations in a frame which we will call the laser frame, where the quantization axis is parallel to the laser polarization. The resulting operator elements are then used to generate a density operator, ρ L , which can then be rotated to the frame defined by the original quantization axis. It is in this latter frame, which we shall call the reference frame, that the atoms are initially prepared by an external process such as a collision with an electron. The relationship between the density operators in these two frames is defined as follows:
whereρ L andρ C are the density operators in the laser and reference frames respectively, andD(α, β, γ ) represents a rotation operator from the laser frame to the reference frame by Euler angles of α, β, γ . The Euler angles and their order of operation are as defined in Edmonds (1974) . For the remainder of this paper the slowly varying operator description of the atomic ensemble is replaced with a density matrix formalism. As noted earlier, these two views are related to each other by the complex conjugate operation.
In the example of electron collisions, the quantization axis (z-axis) of the reference frame can be defined as the direction of the incident electron. The y-axis is then defined in the direction k in × k out where these vectors denote the directions of the incident and scattered electrons respectively. The x-axis is then fixed in the plane containing k in and k out , the scattering plane.
The density matrix produced as the result of processes such as atomic collisions, can be simplified by the use of symmetries. For example, in the case of electron-atom scattering the density matrix is invariant under reflection in the scattering plane and the following symmetry can be used (Blum 1981) :
The bra and ket vectors in this equation refer to the magnetic substates of an electron excited state. In the case of a J = 1 level, the diagonal components of the laser frame density matrix can be expressed in terms of the density matrix elements in the reference frame with the use of equations (52) and (53): (cos 2 β + 1)ρ
Notice that these equations are independent of the Euler angle α. This occurs because the directions of the x and y axes in the laser frame are unimportant and only the quantization or z-axis is significant. This will exclusively occur for single-mode excitation where only one direction is defined by the polarization.
Calculations
Computational methods
The calculations presented here show the effect of the spontaneous emission force on an atomic beam. The model used is designed to be as realistic as possible by taking account of factors like the non-uniform intensity distribution of the laser beam in the interaction region and the detuning induced as a result of the absorption of momentum by the atoms. The methods used to compute the deflected beam profiles are discussed below. The references to the various steps refer to those labelled on figure 2. First the time spent in the interaction region was subdivided. The intensity in each time interval was taken as a constant (step 1). The number of these time intervals was determined by observing the conditions required to produce a convergence of the calculations. At the beginning of each time interval the transverse velocity profile of the atomic beam was converted into a transverse detuning profile by applying With the atomic beam represented on an atomic density versus detuning graph, the beam was subdivided into a series of small detuning intervals. Each of the intervals had three significant properties: the detuning of its two sides and its atomic density (step 2). The aim of the calculation that followed was to determine the new values of the three properties at the end of the small time interval. The new detuning (or momentum) of a side was calculated via the QED theory and a knowledge of the detuning, the intensity, and the length of the time subinterval. After calculating the new detunings of both sides, and hence the detuning spacing between the sides, the atomic density within the newly constructed interval was found by a renormalization of the original atomic density. The three parameters of each interval were represented on the graph of atomic density versus detuning as a box function which had been translated by the absorption of momentum (step 3). From the detuning position of the middle of the box the mean number of photons that had been absorbed could be calculated. This enabled the momentum diffusion, a Gaussian distribution with a halfwidth proportional to the square root of the number of absorbed photons, to be determined. When this function was convoluted with the translated box function, it gave a more realistic representation of the new shape of the atomic beam interval (step 4). When repeated for the other slices of the atomic beam it was possible, by summing the new intervals together, to reconstruct the atomic beam and find its shape on the atomic density versus detuning plot (step 5). The entire procedure outlined above was repeated for each small time interval, the final atomic beam detuning profile of one time interval being the initial profile for its successor. These calculations were done with different values of the peak intensity and the starting detuning. More importantly, the effect of the initial atomic state on the deflected beam profiles was tested because the populations of this state and all of its sublevels were specified when the QED calculations were carried out. This made it possible to check the sensitivity of the deflection to the initial state.
The model atom collision experiment
In this section, calculations of photon deflections are performed for the case where the atom is prepared by a collision with an electron. Before results are presented, the relevant collision parametrization is introduced and related to the deflection formalism. A clearer picture of the physical processes occurring is obtained by using a simplified atomic system or model atom. The transition in the model atom excited by laser radiation has properties which approximate to those of the sodium D2 line.
The laser-excited transition is between a J = 1 lower state and a J = 2 upper state. The J = 2 state has a short lifetime of 16 ns, while the J = 1 state has a lifetime large by comparison. The mass of the atom is 23 amu, and the wavelength between the two states is 589 nm. (9), it follows that the deflection by radiation tuned to this transition after the collision will depend on the distribution in the J = 1 state created by the electron excitation. In principle, we will show that, by measuring the deflection of the atomic beam which results from the interaction of the atoms with laser light of various polarizations, it is possible to determine the parameters which describe the collision. This situation is no different from any other experiment where the main goal is to find the initial density matrix of the atomic ensemble.
A convenient way of expressing the collisionally excited density matrix of the J = 1 state is in terms of Stokes parameters (Standage and Kleinpoppen 1976) . The three Stokes parameters most commonly encountered are:
(58)
The density matrix elements in the above equations are formed in the collision process and hence are part of the reference frame density matrix. We now return to the problem of the calculation of the momentum absorbed by an atomic beam due to its interaction with light. Firstly it should be noted that the coefficients expressed by equation (10) are linked to the Rabi frequencies and hence will depend upon the polarization of light that is used to excite the atom. If the polarization of the light is parallel to the quantization axis of the atom, then many of the f pq eg (t) can be set to zero. This occurs because the f pq eg (t) contain information on how the different components of the laser frame density matrix depend on each other, implying that if ρ L eg does not depend on ρ L pq then f pq eg (t) must be zero. In the case of an atom which starts in the lower state of a laser-excited transition, the only non-zero initial components of the density matrix on which the optical coherences depend will be the lower state populations. Thus many terms in (9) can be eliminated giving
where the state label g represents the lower state of the laser transition which is not necessarily a ground state. It is evident from (61) that if the laser polarization is always parallel to the atomic quantization axis, then only the initial values of the lower state cross sections will influence the momentum that an atom absorbs while crossing the interaction region. Clearly this situation provides only a limited amount of information on the initial state of the atomic density matrix, that is, the collision process. Polarizations of the laser which are not parallel to the atomic quantization axis can be used to access other parts of the density matrix. If the same equations of motion are to be used to describe the interaction, then the initial conditions of the atom in the laser frame (polarization parallel to the quantization axis) must be expressed in terms of the initial conditions in the reference frame (polarization not necessarily parallel to the quantization axis). With a rotation described by Euler angles α, β, γ , the diagonal laser frame density matrix elements are related to those of the reference frame density matrix by equations (54)-(56). If linearly polarized light propagating along the negative reference frame y-axis is used, then the Euler angles needed will be (α, β, γ ) = (0, −θ, 0), where θ is the angle between the reference frame quantization axis and the polarization vector. Circularly polarized light travelling along the negative y-axis requires that a rotation (α, β, γ ) = (π/2, π/2, −π/2) be performed.
In many applications (61) can be simplified further by noting symmetries within the D gg (t). For instance, consider two cases where an atom is being deflected with linearly polarized light and its population is in either the m j = −1 or m j = +1 lower substates. The momentum acquired by the atom should be identical in both situations, and therefore:
Circular polarization also presents opportunities for simplifying the momentum equations through symmetry. It can be shown that these symmetries are:
Consider exciting the atom with linear polarization at angles of 0 • and 90
• to the reference frame quantization axis. At 0
• the laser frame density matrix in terms of the collisional frame is from (54)- (56):
Hence, the momentum transferred to the atom by the light is
where p 0 is the momentum given to the atom, D gg π (t) is calculated using the Rabi frequencies relevant to linearly polarized excitation, and the density matrix elements are taken at t = 0.
Note that the symmetries of the D gg π (t) have been used. Using (54)- (56) and with the polarization vector at 90
• :
In this case the momentum gained by the atom is
These momenta can be combined in the following way:
The new variable, P D 1 , is termed a pseudo-Stokes parameter and is related by a time varying scaling factor to the Stokes parameter P 1 . The factor K(t) is given by
A similar procedure is used to find the pseudo-Stokes parameter corresponding to P 2 . The momenta absorbed by the atom from light with polarizations of 45
• and 135
• to the quantization axis are calculated and combined to produce
where K(t) is the factor defined in (69), and P D 2 is the pseudo-Stokes parameter corresponding to P 2 .
The third Stokes parameter P 3 can be characterized with the use of circularly polarized light and the rotation (α, β, γ ) = (π/2, π/2, −π/2). This produces the following density matrix in the laser frame
Then the momentum transfer for right-hand circular polarization will be
When the symmetries of (63) are applied this becomes
The same set of initial density matrix elements can be used for the left-handed polarization, to give
Once again the last two momenta transfers are combined to form a pseudo-Stokes parameter
where a new scaling factor has been created:
The use of pseudo-Stokes parameters in this way is very similar to the parametrization that is sometimes used to describe other electron-atom scattering schemes such as the superelastic scattering experiment (Farrell et al 1991) . In particular, it shows that measurements of the pseudo-Stokes parameters P D 1,2,3 can yield information on the Stokes parameters of equations (58)- (60) and hence the density matrix elements of the collisionally excited atomic state. Summy et al (1994) have discussed a proposed experiment which involves the detection of optically deflected atoms in time-delayed coincidence with inelastically scattered electrons. It should be noted that the change in electron momentum is fixed for a particular energy and scattering geometry and therefore the momentum transfer caused by electron impact is also fixed for the coincidentally detected atoms. As a result, the optically imparted momentum can be measured and the pseudo-Stokes parameters determined for the coincidentally detected atoms.
The sensitivity of the absorbed momentum to the initial populations of the atom can be examined in a procedure which is equivalent to finding the D matrix introduced in equation (61). The relationship between D and the transferred momentum is a simple one. For example, if the atom is initially in the pure magnetic substate m j = +1, then the matrix element D +1+1 (t) will be equivalent to the number of photon momenta absorbed by the atom during the interaction time t.
Figures 4-6 show the calculated momentum transfers for model atoms starting in different ground states and interacting with σ + polarized light. The results of a similar calculation for the horizontal coherence between the m j = +1 and m j = 0 states has been presented previously (Summy et al 1994) . Figures 4-6 were calculated using initial detunings of 0, −20 and +20 MHz, respectively. Situations where the deflected atom starts in the m j = +1 ground state should result in the largest absorption of momentum because the strength of the electric dipole between this state and the excited state is larger than the dipole strength linking the other lower states to the excited state. These figures demonstrate that the deflection does depend upon the initial state and that the dependence disappears at high intensities. This can be explained as follows. To gain a net momentum ofhk an atom must absorb a photon from the field and then decay by spontaneous emission. The former process takes place at a rate that is proportional to the Rabi frequency of the transition, while the latter depends only on the finite spontaneous decay rate. If the rate of absorption is greater than the rate of spontaneous emission for all of the ground states, such as occurs at high intensities, then the amount of spontaneous decay will be similar no matter which ground state the atom is in initially. A second factor which limits the dependence of the atomic deflection on the initial state is the incoherent nature of the spontaneous emission. Effectively this means that the process used to determine the state of the atom is destroying the information it is being used to find. Fortunately the destruction takes many spontaneous decay cycles to accomplish, so that with an appropriately sensitive experiment information of the initial state can still be extracted. Figure 7 plots the scaling factor K against intensity. This factor is defined in equation (78), and is a measure of the relative sensitivity of the absorbed momentum to the initial state of the atom. It is seen that the experiment rapidly loses its ability to determine the atomic state as the intensity increases. Note that K becomes larger as the intensity tends to zero, even though an experiment in this regime would be extremely difficult due to the small size of the deflections. Thus K is not always reliable as an indicator of the In figures 8-10 the results of calculations with the model atom and linearly polarized excitation are displayed. Figures 8-10 were calculated using initial detunings of 0, −20 and +20 MHz, respectively. Features similar to that seen with circular excitation are evident, although the sensitivity to the initial state is much smaller. This is a consequence of the Rabi frequencies of each participating transition being similar. The decrease in sensitivity can also be seen in figure 11 , which plots the scaling parameter K against intensity. To increase the sensitivity with linear polarization, a transition with a larger range of dipole strengths could be used.
The asymptotic values of K and K at low intensity can be calculated analytically using the theory from appendix B where the optical Bloch equations are solved in the limit that the excited state population is close to zero. Consider first an atom in the m j = +1 state 
where + represents the Rabi frequency from the J = 1, m j = +1 state to the J = 2, m j = +2 state and t is the interaction time. Now consider an atom in the m j = −1 state which is also excited by σ + polarized light. This time the absorbed momentum becomes
In this case − represents the Rabi frequency from the J = 1, m j = −1 state to the J = 2, m j = 0 state. The equivalence between the D coefficients of (61) and the number of absorbed photons for an atom starting in a pure magnetic substate has already been described. This allows us to write 
By substituting these values into equation (78) the asymptotic value for K is determined:
Note that this quantity is independent of the interaction time and the detuning. For the model atom transition K A = 0.7241. In the case of linear excitation, + represents the Rabi frequency between the J = 1, m j = 0 and the J = 2, m j = 0 states, while − is the Rabi frequency from the J = 1, m j = +1 state to the J = 2, m j = +1 state. The values of these quantities for the model atom imply that the asymptotic value of K(t) is given by K A = 0.2047. Again the value is independent of interaction time and detuning.
Conclusion
This paper has presented a theoretical investigation of the deflection of an atomic beam by light. In particular, it has been shown that the size of the deflection must depend upon the quantum state of the atoms in the beam prior to when they begin to interact with the light. Thus a measurement of the deflection of the atomic beam can be used to reveal information about the quantum state. The calculations indicated that light which was slightly positively detuned created the most opportune conditions in which to observe the state dependent momentum absorption. This is as a direct result of the atoms being pushed into resonance by the deflecting radiation.
Importantly it is not only populations or cross sections that can be determined by this technique, but also coherences between the substates of the atom. In many situations these coherences play a pivotal role in the understanding of physical processes. We intend to apply the theory developed in this paper to the investigation of a number of such processes. One case being studied employs static and oscillating magnetic fields to create distributions of populations and coherences in a level in a controlled way. Another case involves the study of collisions between electrons and atoms, where coherences provide fundamental information on the way in which the colliding particles interact with each other.
